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1 | INTRODUCTION
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| Lina Meinecke? ® | David E. Clouthier®

Summary

The mandibular or first pharyngeal arch forms the upper and lower jaws in all gnathostomes.
A gene regulatory network that defines ventral, intermediate, and dorsal domains along the
dorsal-ventral (D-V) axis of the arch has emerged from studies in zebrafish and mice, but the
temporal dynamics of this process remain unclear. To define cell fate trajectories in the arches
we have performed quantitative gene expression analyses of D-V patterning genes in pharyn-
geal arch primordia in zebrafish and mice. Using NanoString technology to measure transcript
numbers per cell directly we show that, in many cases, genes expressed in similar D-V domains
and induced by similar signals vary dramatically in their temporal profiles. This suggests that cel-
lular responses to D-V patterning signals are likely shaped by the baseline kinetics of target gene
expression. Furthermore, similarities in the temporal dynamics of genes that occupy distinct
pathways suggest novel shared modes of regulation. Incorporating these gene expression kinet-
ics into our computational models for the mandibular arch improves the accuracy of patterning,
and facilitates temporal comparisons between species. These data suggest that the magnitude
and timing of target gene expression help diversify responses to patterning signals during cra-
niofacial development.
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a critical step in jaw development is patterning this arch into dorsal-

ventral (D-V) domains. How gene functions regulate formation of

The development of a mobile jaw is a defining feature of gnathos-
tomes (jawed vertebrates), and a key factor in the success of this
clade. The formation of jaws is linked to another vertebrate
innovation—neural crest (NC) cells. These cells delaminate from the
lateral edge of the neural plate and migrate throughout the embryo,
where they form a variety of tissues, such as neurons, glia, and pig-
ment cells, as well as cartilage and bone in the cranial region, including
the jaw. Skeletogenic NC cells migrate ventrally in streams to sur-
round the pharynx in pouch-like structures called pharyngeal arches,
up to seven of which are arranged bilaterally along the antero-
posterior (A-P) axis. The jaw arises from the first arch, which is subdi-
vided into dorsal (proximal, maxillary, and upper jaw) and ventral

(distal, mandibular, and lower jaw) portions in zebrafish embryos, and

these different jaw components remains unclear.

A D-V arch gene regulatory network (GRN) has emerged from
studies in zebrafish and mice (reviewed in Clouthier, Garcia, &
Schilling, 2010; Medeiros & Crump, 2012; Schilling & Le Pabic, 2014).
At least three domains form along the D-V axis of the embryonic
mandibular arch—dorsal, intermediate, and ventral—defined by the
expression of distinct sets of transcription factors. DIx1/2 are
expressed in the whole arch. Expression of Hand family transcription
factors marks the ventral-most arch, with successively more dorsal
domains marked by overlapping regions of expression of DIx3/4 and
DIx5/6, followed by the most dorsal region which only expresses
DIx1/2. These transcription factors are induced by the activities of

signaling molecules from the ventral arch ectoderm, including Bmp2/4
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and Endothelin-1 (Edn1), and Notch from the dorsal arch. Initially both
Edn1l and Bmp promote ventral/intermediate gene expression
(e.g., Hand2 and DIx3/4/5/6), but later Edn1 function becomes more
restricted to the maintenance of intermediate genes. Ednl acts as a
permissive morphogen, required for the initiation of a mandibular
arch-specific gene expression cascade that includes Hand and DIx
genes (Clouthier et al., 2000, 2010; Miller, Schilling, Lee, Parker, &
Kimmel, 2000; Nair, Li, Cornell, & Schilling, 2007). This occurs, at least
in part, through the negative regulation of Nr2f family members,
which repress expression of genes associated with ventral mandibular
development (Barske et al., 2018). Absence of Edn1l results in a
change in D-V identity, with the resulting structures resembling more
maxillary-like structures. Homeotic transformations along the D-V
axis are also observed in DIx5/6 and Hand2 mutant embryos (Barron
et al., 2011; Beverdam et al., 2002; Depew, Lufkin, & Rubenstein,
2002; Miller, Schilling, Lee, Parker, & Kimmel, 2003; Talbot, Johnson, &
Kimmel, 2010; Walker, Miller, Coffin Talbot, Stock, & Kimmel, 2006;
Yanagisawa, Clouthier, Richardson, Charité, & Olson, 2003). In con-
trast, overexpression of Edn1 in the dorsal arch (zebrafish) or maxillary
prominence (mouse) or loss of Nr2f leads to the upregulation of ven-
tral gene expression and subsequent homeotic transformation of max-
illary into more mandibular-like structures (Alexander et al., 2011;
Barske et al., 2018; Tavares & Clouthier, 2015; Zuniga, Rippen, Alex-
ander, Schilling, & Crump, 2011). Bmps also act as morphogens during
mandibular arch development, inducing Hand2 expression, at least in
zebrafish (Alexander et al., 2011; Zuniga et al., 2011). Loss of Bmp sig-
naling disrupts lower jaw development but does not appear to result
in homeosis (Bonilla-Claudio et al., 2012; Liu et al., 2005a, 2005b;
Tucker, Khamis, & Sharpe, 1998a; Tucker, Matthews, & Sharpe,
1998b; Vincentz et al., 2016).

In addition to the effects of different levels of Bmp and Edn1 sig-
naling on arch patterning, there are differences in the timing of their
activities. In mice Ednra signaling is required between E8.25 and E9.5,
corresponding to when NC cells arrive into the mandibular arch
(Ruest & Clouthier, 2009). After completion of NC cell migration,
Ednra signaling is dispensable for NC patterning, indicating that Edn1's
role is in the initial establishment of NC cell identity (Ruest &
Clouthier, 2009). Similarly, injection of Edn1 into the zebrafish arch
near the end of NC migration rescues facial development, again argu-
ing that Edn1 acts in a narrow early window of NC cell post-migratory
development around 20-28 hr post-fertilization (hpf) (Miller et al.,
2000). Bmp also regulates signaling primarily during the early postmi-
gratory phase in zebrafish (17-24 hpf) (Alexander et al., 2011; Zuniga
et al, 2011). These general aspects of timing are largely conserved
between fish and mammals, despite their evolutionary distance and
differences in spatiotemporal developmental scale. Recently, our
mathematical modeling of D-V patterning has shown that the order in
which patterning genes are activated by combinatorial Bmp and Edn1
signaling is important for proper patterning; expression of intermedi-
ate factors (such as dIx3b) prior to the ventral factor hand2 leads to
the most precise boundary formation in the face of signaling and gene
expression noise (Meinecke et al., 2018).

Many developmental contexts involve integration of multiple
morphogens (Briscoe & Small, 2015; Rogers & Schier, 2011; Sagner &
Briscoe, 2017). Examples include the interaction of Bmp and Shh

signaling in D-V neural tube patterning (Liem, Jessell, & Briscoe,
2000; Zagorski et al., 2017) and the interaction of Wnt, retinoic acid
(RA) and Fgf signaling in A-P body axis patterning (McGrew,
Hoppler, & Moon, 1997; White, Nie, Lander, & Schilling, 2007). Mea-
surements of morphogen diffusion and immediate downstream target
genes, combined with computational modeling, have clarified which of
several alternative models of signaling are applicable, such as a
source-sink model for early embryonic patterning in zebrafish by the
Bmp pathway (Pomreinke et al., 2017; Zinski et al., 2017). Precise
measurements of target gene expression, such as those in the Nodal
signaling pathway, have also suggested that in some morphogen sys-
tems the kinetics of expression are more important than more classical
threshold models for proper patterning (Dubrulle et al., 2015).

Gene expression in the pharyngeal arches has previously been
studied in both zebrafish (Askary et al., 2017; Barske et al., 2016) and
mouse (Bonilla-Claudio et al., 2012; Brunskill et al., 2014; Feng et al.,
2009; Hooper et al., 2017) using high-throughput microarray or RNA-
seq techniques, at multiple time points and in various mutant condi-
tions. While these methods excel at gene discovery, elucidating broad
trends across hundreds or thousands of genes, they rely on enzymatic
reverse-transcription and PCR amplification of transcripts, which are
inherently non-linear in terms of signal produced relative to amount
of transcript input. In contrast, the NanoString technique uses direct
labeling of transcripts with barcoded probes to measure gene expres-
sion levels (Geiss et al., 2008). This approach maintains a high degree
of linearity, and has been shown to be at least as good and frequently
better at linearity and reproducibility than amplification-based
approaches, while being more robust to degradation of RNA (Geiss
et al.,, 2008; Malkov et al., 2009; Neubert et al., 2016; Omolo et al.,
2016; Raman et al., 2018; Reis et al., 2011; Richard et al., 2014; Sper-
anza et al., 2017; Veldman-Jones et al., 2015). These advantages of
NanoString measurements have also made them particularly useful for
computational analysis and modeling of expression patterns (Dubrulle
et al, 2015).

We previously used NanoString to examine temporal expression
patterns of a small number of D-V patterning genes at selected time
points in order to model arch patterning computationally (Meinecke
et al., 2018). To investigate expression kinetics of genes in the D-V
patterning GRN more thoroughly, we have now quantified expression
of over 50 genes in embryonic arch primordia (including known Bmp
and Edn1 targets) at several more time points in embryonic zebrafish
and mice. Our measurements show unexpected differences in the
temporal patterns of expression of related genes with similar spatial
patterns of expression. Computational clustering of zebrafish arch
gene expression according to these temporal patterns also reveals
previously unexpected co-regulation. Moreover, we extend our spa-
tiotemporal computational model of arch patterning (Meinecke et al.,
2018) to individual genes and match their temporal profiles. The
modeling results indicate that a decoupling between genes that pat-
tern the same domains and between genes that behave similarly over
time improves robustness to stochastic fluctuations. In addition, align-
ing gene expression profiles between zebrafish and mouse facilitates
better stage-matching between these model systems during craniofa-

cial development.
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2 | MATERIALS AND METHODS

2.1 | Zebrafish lines

We used flila:GFP (Lawson & Weinstein, 2002) and sox10:dsRed
(Das & Crump, 2012) embryos (double-transgenics kindly provided by
the Crump lab at the University of Southern California). As simulta-
neous processing of multiple samples is important to reduce batch
effects in expression quantification, embryos were raised at combina-
tions of 25°C or 28.5°C to ensure desired age at the time of
dissociation.

2.2 | Zebrafish live imaging

flila:GFP;sox10:dsRed embryos were mounted in 0.5% low-melt agarose
immersed in embryo medium containing tricaine and PTU. Imaging

was done on a Nikon C1 confocal with a heated stage held at 28.5°C.

2.3 | Zebrafish arch dissociation and sorting

Transgenic zebrafish embryos were dissociated at 20, 22, 24, 26, 30, 36,
40, and 48 hpf using a combination of mechanical disruption and tryp-
sin/collagenase P treatment (as described in Barske et al., 2016). Disso-
ciated cells were sorted for double-positive GFP and dsRed signal using
a BD FACSAtria Il sorter. Sorted cells were resuspended in Qiagen Buffer
RLT and submitted for NanoString processing. No further RNA extrac-
tion or quality control steps are required for NanoString analysis of dis-
sociated cells in suspension. For each time point, three samples were
submitted, consisting of several pooled embryos (from ~10 for older

embryos to 30+ for the youngest).

2.4 | Zebrafish hybridization chain reaction in situ
hybridization

Hybridization chain reaction (HCR) was performed as described (Choi,
Beck, & Pierce, 2014). About 13 hpf AB zebrafish embryos were fixed
overnight at 4°C in 4% paraformaldehyde. Following the HCR proto-
col. They were mounted in low-melt agarose and imaged on a Nikon
Eclipse Ti confocal microscope. The dIx2a probe was ordered from
Molecular Instruments (Los Angeles, CA, USA) using the accession
number NM_131311.2.

2.5 | Mouse arch dissection and sorting

Wild-type mouse embryos from the 129S6 strain were collected at
18-20 somites (E9.25), 23-24 somites (E9.5), 27-28 somites (E9.75),
and 31-33 somites (E10.0) (staging based on somite counts at
Facebase.org). First arch mandibular processes from individual
embryos (consisting of all tissue layers) were collected into RNALater.
Arches were collected from three embryos for each time point. RNA
was then isolated using the RNA Mini kit (Qiagen), with tissue dissoci-
ation first accomplished using a QiaShredder column. RNA quality was
confirmed using a Bioanalyzer (Agilent) and then processed for Nano-

String analysis.

WiLEY [

2.6 | Selection of genes for NanoString codesets

NanoString is a candidate-based approach. Zebrafish and mouse
genes were selected through a literature search that was up-to-date
in 2015, when the codesets were ordered to generate probes. Briefly,
we selected genes known to be involved in arch patterning, their
known interactors, and several genes for which their homologs in the
other species (i.e., zebrafish or mouse) were known to be involved in
these processes. The full list of zebrafish and mouse genes examined

is listed in Supporting Information File 1.

2.7 | Data preprocessing and normalization

All raw NanoString counts in both zebrafish and mouse were normal-
ized to the geometric mean of the same four housekeeping genes:
actb2, cdc42, stau2, and ubb. Only genes expressed at least 2 standard
deviations above artificial negative control levels were chosen for

further analysis.

2.8 | Zebrafish temporal correlation map

A 2nd-order polynomial fit for normalized expression counts was
computed using the least-squares method in Microsoft Excel, in order
to smooth the effects of small changes in expression. We examined
seven time intervals bounded by eight time points (20, 22, 24, 26,
30, 36, 40, and 48 hpf). For each interval, each gene was scored as
having increasing or decreasing expression. Thus, each gene had a
seven-bit temporal signature. Each gene was then compared with
every other gene to test if, at each time interval, their change in
expression was similar or different. For each similar change the score
for the gene pair was incremented by 1, and for each dissimilar change
the score was decremented by 1. Gene pairs that were perfectly

matched (+7) were placed in the same group.

2.9 | Spatiotemporal modeling in the zebrafish
mandibular arch

The spatiotemporal computational model was derived from our pub-
lished computational model (Meinecke et al., 2018). To improve the
model we extended the GRN from dorsal, ventral and intermediate gene
groups to having multiple genes patterning the same domain, with dix3b
and dix5a as intermediate genes and jaglb and hey1 as dorsal genes. The
ventral gene group was represented solely by hand2. The GRN was mod-
eled by five stochastic differential equations (Meinecke et al., 2018). To
compute gene expression in the whole arch gene expression levels
across all cells were integrated and normalized with the total arch area at
each time point. Parameters in the GRN were then chosen such that this
normalized gene expression qualitatively agreed with the NanoString
measurements between 22 hpf and 5 hpf (Figure 4;Supporting Informa-
tion Figure S1; Supporting Information File 2).

2.10 | Mouse temporal correlation map

Similar to the zebrafish data, a second-order polynomial fit was com-
puted for the mouse data. We examined three time intervals bounded
by four time points (E9.25, E9.5, E9.75, and E10.0). For each interval,
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each gene was scored as having increasing or decreasing expression.
Due to the fewer time points for mouse, each gene had a three-bit tem-
poral signature. Each gene was compared with every other gene at each
time interval to score their temporal expression patterns. Gene pairs

that were perfectly matched (+3) were placed in the same group.

2.11 | Gene selection for interspecies
correspondence

Mouse genes were generally less variable in expression than zebrafish
genes over the time periods examined. In order to capture the great-
est possible temporal variation between gene expression, we selected
those mouse genes expressed in the arch that had fish orthologs
expressed in the same arch compartment, and that had at least a
1.5-fold change in expression over the time course. We then selected

the fish orthologs of these genes for pair-wise analysis.

2.12 | Aligning interspecies temporal data using
cross-correlation

In order to estimate correspondence between developmental stages in
fish and mouse, we first carried out a general comparison of developmen-
tal rates in arches in these species. We first attempted to infer the relative
developmental rates using patterning gene expression data alone, by test-
ing fish: mouse developmental rates ranging from 1:1 to 4:1 (i.e., mouse
developing four times slower than fish). However, given the infrequent
time point measurements and the relatively low signal-to-noise ratio in
these data, no clear consensus emerged regarding a relative developmen-
tal rate that maximized the cross-correlation between arch patterning
genes. Thus, we could not infer this parameter from the gene expression
data alone. Instead, we used physical developmental landmarks to estab-
lish an initial relative rate difference between these species. We chose
the initial arrival of cranial neural crest cells (NCCs) in the arches as our ini-
tial time point (the earliest time at which patterning can commence) and
the beginning of chondrogenesis as the final time point (the latest time by
which patterning must be established). In fish, NCCs arrive in the arch at
around 13-14 hpf (Supporting Information Figure S2 and Meinecke et al.,
2018), and in mouse by E8.5 (Abe, Ruest, et al., 2002; Jacques-Fricke,
Roffers-Agarwal, & Gammill, 2012; Ruest & Clouthier, 2009). In fish,
chondrogenesis initiates at around 53-54 hpf (Barske et al., 2016; Dale &
Topczewski, 2011; Le Pabic, Ng, & Schilling, 2014; Schilling & Kimmel,
1997), and in mouse at E12.5 (Wood, Ashhurst, Corbett, & Thorogood,
1991; Wright et al.,, 1995). Thus, a period of 40 hr in fish development
corresponds to a period of 96 hr in mouse, and fish arch development
thus proceeds at about 2.4x the rate of mouse arch development. While
these measurements establish the window and overall rate at which
arches develop, they do not on their own define how the temporal
dynamics of patterning compare between the two species.

We then followed two independent strategies for establishing
correspondence between the orthologous fish-mouse gene pairs. The
first strategy was a manual alignment strategy, wherein the expression
trajectories for both species were graphed on the same x-axis, which
is hpf in zebrafish. While the zebrafish expression trajectory was
placed directly on the shared axis, the first mouse time point, E9.25,
was initially placed at 20 hpf, matching the first zebrafish time point,

while the last mouse time point, E10.0, was placed according to the
2.4x developmental rate, with the 18 hr elapsed in mouse develop-
ment from E9.25 to E10.0 equating to 18x2.4 = 43.2 hr on the shared
axis, and thus E10.0 initially being placed at 63.2 hpf. The entire tra-
jectory of the mouse gene was then shifted forward (positive value) or
backward (negative value) until a subjectively best-possible alignment
was achieved. Each gene pair thus was given a value leading to the
best-possible alignment, and the average of all these values provided
the best-possible global adjustment, yan. This global adjustment was
then applied to the starting hpf values to calculate the global corre-
spondence, such that E9.25 = 20+y,,an, and E10.0 = 63.2+y 0. The
adjustment was also applied to the mouse trajectory to display the
global correspondence applied to each gene pair.

We also undertook an unbiased computational approach for com-
paring stages and developmental rates between zebrafish and mouse.
Given two time series described by u(z) and v(z), the cross-correlation

between them is

+ oo

wy (t) = [ u(t)v(r + t))dr

where t; is the lag time between u and v (Papoulis, 1962). If the trajec-
tory is sampled only at a few points in time, we estimate the cross-
correlation using a discrete sum:

Wuv(tl) = an U(T)V(T + t,)

T=T1

where (z4, 7, ..., 7,,) are the time points at which u and v are sampled.
Here, we want to find the best alignment between the developmental
trajectories of the zebrafish and the mouse, hence we want to find the

lag time (or delay time, t4) that maximizes the cross-correlation. That is,

ty = argtmax(wuv(t,)),
1

which can be found by repeatedly aligning subsections of the trajec-
tory. Due to the sampling rate and inevitable gaps between time
points at which gene expression in measured, the cross-correlation
curve may not always be well-resolved. In such cases there can be
multiple peaks, and we visually inspect the alignment for each such
peak to assess correspondence.

In order to assess the trajectory alignment by cross-correlation, we
used cross-validation, and calculated the cross-correlation for a subset
(~80%) of the genes, to test how close this value was to the measured
cross-correlation of the remaining 20% (Hastie, Tibshirani, & Friedman,
2009). We randomly sampled 9/11 variable genes multiple times to per-
form cross-validation. However, as discussed above, regarding the deter-
mination of relative developmental rates, due to the sampling frequency
and the relatively low signal-to-noise ratio, it was difficult to detect clear

peaks for the cross-correlation and thus compare across subsets.

3 | RESULTS

3.1 | Temporal expression profiles of zebrafish arch
patterning genes

Embryonic pharyngeal arches are bilateral, segmentally reiterated

structures located ventrally in the head, posterior to the eye, which
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Embryonic growth and morphogenesis of zebrafish pharyngeal arches. (a) Outlines of brightfield images indicating positions of

pharyngeal arches 1 and 2 in zebrafish embryos at 22, 28, and 36 hr postfertilization (hpf). Anterior is left and dorsal is up. (b) Maximum
projections of live confocal images of a flila:GFP;sox10:dsRed embryo, lateral views, anterior left. Pharyngeal arches are numbered. Cells that
co-express both transgenes (yellow) are neural crest cells, which were FAC sorted at the time points shown and processed for NanoString
measurements. (c) Quantification of the volume of pharyngeal arches from the images in (a). Measured volume of arch 1 decreases due to
compaction and medial movement. At 24 hpf, before significant compaction/migration, arch 1 makes up 69.4% of total arch volume, with arch
2 making up 25.2% and arch 3 5.5%. (d). Average number of flila:GFP;sox10:dsRed co-expressing cells sorted per embryo. Three replicates per

time point, error bars indicate standard deviation

undergo rapid changes in size, shape and position during development
(Figure 1a). As no single transgenic marker uniquely labels NC-derived
pharyngeal arch cells in zebrafish, we used flila:GFP;sox10:dsRed
double-transgenic embryos (Figure 1a)(Barske et al., 2016). flila:GFP
is expressed in blood vessels, migratory angioblasts, hematopoietic
cells, arch NCCs and developing cartilage (Lawson & Weinstein,
2002). sox10:dsRed is expressed in most NCCs and the otic vesicle
(Das & Crump, 2012). Sorting with both transgenes (i.e., by gating on

both red and green channels) allowed us to isolate arch NCCs with

minimal contamination from other populations. Confocal time-lapsed
images of these double-transgenics revealed the complexity of arch
morphogenesis between 20-48 hpf (Figure 1b). As arches are not pat-
terned simultaneously but instead in an anterior-to-posterior
sequence we measured the volumes of different arches as a proxy for
the number of cells contained in each arch (Figure 1c) in order to
account for variability in gene expression measurements caused by
heterogeneity in developmental stage between arches. At 24 hpf, arch
1 accounts for about 70% of the total arch volume, with arch
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FIGURE 2 Temporal expression profiles of selected zebrafish arch patterning genes. Transcript counts per cell from NanoString measurements,
normalized to a set of housekeeping genes, are shown for the most dynamic or critical genes at eight time points between 20 and 48 hpf. Three
biological replicates, error bars are standard deviation. Dotted lines smoothly connect data points, while solid lines are second-degree polynomial

fits. Genes are clustered according to their spatial expression in the arches, and colors indicate their regulation by arch patterning pathways
(based on the literature). Most but not all genes have the same scale of expression

2 accounting for 25% and arch 3 5%. At later time points, the mea-
sured volume of arch 1 decreases due to compaction and medial
movement of the arch, which obscures medial cells from imaging. As
there are no reported differences between cell division and death
rates between the arches, we expect the relative proportions of cell
numbers in the arches to remain roughly constant. As the majority of
cells come from the first arch, and the vast majority from the first two
arches, we expect general temporal heterogeneity to have a relatively
small contribution to noise in our measurements. Differences in spatial
expression between the first two arches have been reported for sev-
eral genes (Barske et al., 2016; Talbot et al., 2010; Zuniga et al., 2011),
and we expect this heterogeneity to have a somewhat larger contribu-
tion to measurement noise. FAC-sorting of NC cells from double-
transgenic embryos at eight-time points between 20-48 hpf revealed
that combined NCC number in all arches per embryo greatly increases
over this period (Figure 1d).

To assess gene expression dynamics in zebrafish, we used Nano-

String technology to quantify levels of expression per cell of 55 genes

in flila:GFP;sox10:dsRed FAC-sorted cells at eight-time points corre-
sponding to Figure 1 between 20 hpf and 48 hpf (Figure 2 and Sup-
porting Information Figure S3). Genes were categorized based on
their D-V localization (whole arch, ventral, ventral/intermediate, dor-
sal, or other) as well as their known regulation by key D-V signaling
pathways that pattern the arches, including Edn1, Bmp, Wnt, and
Jag/Notch (Supporting Information File 3)(Alexander et al., 2011,
2014; Miller et al., 2000; Talbot et al., 2010; Zuniga et al.,, 2010,
2011). Intriguingly, genes within each category showed divergent
temporal expression patterns in many cases. For example, among
genes expressed throughout the arch, some close relatives such as
ednraa and ednrab showed opposite trends of increasing or decreasing
levels, respectively (Nair et al., 2007). Others, such as ventral/inter-
mediate genes dIx3b/4b and dix5a/6a, which occupy bigenic clusters
(Ellies et al., 1997; Talbot et al., 2010) increased in expression at dra-
matically different rates. Other examples of highly dynamic genes
included the Edn1l effector mef2ca and the direct Wnt target mycn,

whose expression declined rapidly similar to ednrab. We note that for
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many key patterning genes (ventral: hand2; ventral/intermediate:
dix4b/5a/6a; dorsal: hey1, jaglb) expression peaked around 36 hpf,
perhaps reflecting the completion of D-V patterning and onset of dif-
ferentiation programs (as suggested by the concomitant increase in
sox9 expression). A consistent theme in these data is that even closely
related genes have different responses to the same morphogen
inputs.

In addition to these qualitative comparisons, we also conducted a
systematic quantitative analysis of arch gene expression. Temporal
patterns of gene expression were categorized as increasing or
decreasing at seven time intervals (between each of the eight time
points measured from 20 hpf to 48 hpf) and used to construct a heat
map of all 55 genes analyzed (Figure 3). This revealed nine groups
with very similar trajectory profiles within each group (groups A-I),
and three individual genes with unique profiles (groups J-L) (Figure 3).
Within each group, genes followed similar trends of expression kinet-
ics even when the scale of change in expression was different. For
example, in group A expression increases at every interval while in
group B expression initially increases but falls at the last two intervals.
Thus, genes with subtle changes were grouped along with genes with
more dramatic changes as long as they followed the same up-or-down
pattern. The two largest groups were group A (13 genes, whose
expression kept increasing over all time points), and group B (12 genes,
whose expression peaked between 36 hpf and 40 hpf). Several key
patterning genes fell into groups B, D, and E, all of which have trajec-
tories that peak midway through the time series. In addition to these,
several other genes in these groups are not known to be expressed in
NC-derived arch ectomesenchyme cells (marked by O), but their tem-
poral patterns suggest that they may be regulated similarly to NC pat-
terning genes. As we used sorted NC cells for our analysis, we could
be detecting low levels of expression that were not previously
detected by other (i.e., in situ hybridization) methods, or, despite sort-
ing on two channels, our samples may be contaminated by small num-
bers of non-NCCs. Group A members are known to be regulated by
several different signaling pathways, as indicated by their color-coding
(Figure 3), and the monotonically increasing expression pattern of this
group suggests that—unlike key patterning genes—group A genes play
roles both in patterning and in later developmental stages and differ-
entiation. Alternatively, these genes may be basally expressed at high
levels, and the increase seen marks accumulation of transcript as the
tissue continues to grow. Group C consists of genes whose expression
decreases monotonically. This most likely reflects their early roles in
regulation of the migratory NC (tfap2a, Knight et al., 2003, 2; Knight,
Javidan, Nelson, Zhang, & Schilling, 2004, 2; Li & Cornell, 2007), or in
initial D-V patterning specification (dIx3b, Meinecke et al., 2018).
Expression of group C genes may drop either due to repression or

degradation.

3.2 | Temporal order of gene expression modulates
robustness of patterning

We previously performed NanoString measurements for our pub-
lished computational model for the mandibular arch (Meinecke et al.,
2018), but only described the results qualitatively. In our model,
P

domains were patterned by abstracted “ventral”, “intermediate”, or

WiLEY [

“dorsal” genes, without incorporating actual gene expression trajecto-
ries. Here, we extend this computational model with ventral identity
represented by hand2, intermediate identity by dIx3b and dix5a, and
dorsal identity by jaglb and hey1 (Figure 4). The time course of the
two-dimensional simulation (Figure 4b-f) reveals that incorporating
heyl leads to faster dorsal patterning, compared to the previous
model in which dorsal cells remained unpatterned for longer
(Meinecke et al., 2018). The normalized gene expression over the time
period simulated (20-35 hpf) qualitatively agrees with our NanoString
measurements, (Figure 4g). Our previous model also showed that gene
expression and signaling noise leads to errors in boundary position
and we find that incorporating multiple genes per domain with distinct
temporal expression profiles significantly reduces error in formation
of the ventral-intermediate domain boundary (Figure 4h). In contrast,
error in formation of the intermediate-dorsal domain boundary initially
increases, due to the earlier establishment of the dorsal domain in this
extended model. At later time points the error converges to similar

levels as our previous model.

3.3 | Temporal expression profiles of mouse arch
patterning genes and interspecies comparisons

To assess gene expression dynamics in mice, arches were dissected
and RNA prepared for NanoString analysis at E9.25, E9.5, E9.75, and
E10.0. These were gross dissections, which included ectoderm, meso-
derm, and endoderm—however, the majority of the tissue consisted
of NCC-derived mesenchyme. Similar to our analysis in zebrafish, we
measured the expression of 65 genes, which were categorized by spa-
tial expression and known regulatory pathways (Figure 5 and Support-
ing Information Figure S4). As with zebrafish, many genes with similar
spatial localization or occupying similar signaling pathways showed
distinct temporal patterns of expression. Notably, in contrast to zebra-
fish, the temporal patterns of the intermediate/ventral DIx genes ana-
lyzed (e.g., DIx3 and DIx5) were similar to one another. Expression
was generally less dynamic in the mouse than in zebrafish over the
time period examined, but we did note a few patterning genes that
underwent significant changes in expression. Transcript levels of the
ventral factors Hand1, Hand2, and Satb2 increased, as did Cited1, a
transcriptional co-activator which is regulated by Hand factors in car-
diac development (McFadden et al., 2005). Meanwhile expression of
the ventral morphogen Edn1 and the dorsal factors Heyl and Jagl
both decreased markedly. We also quantified the temporal patterns of
expression of mouse genes and constructed a heat map, revealing five
gene groups with similar trajectories (groups 1-V) and one gene with a
unique profile (group VI) (Figure 6), which we named with Roman
numerals to avoid confusion with the zebrafish groups. The largest
groups were group | with 26 genes (with a consistent trajectory of
increased expression) and group Il with 15 genes (with a consistent
trajectory of decreased expression). Several ventral and ventral/inter-
mediate factors such as Hand1/2 and Msx1 were in group |. Group I
includes the dorsal markers Jagl and Heyl, and Tfap2a and Sox10,
markers of migrating NC cells. Similar to zebrafish, some genes with
similar spatial patterns fell into different groups, for example, DIx5 in
group | and DIxé in group V, or Msx1 in group | and Msx2 in group lll.

However, since many mouse genes generally had a smaller dynamic
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FIGURE 3 Temporal heat map of zebrafish arch patterning genes. Heat map for 55 zebrafish genes scored based on their expression trajectories
(increasing or decreasing expression) at each of seven time intervals (20-22, 22-24, 24-26, 26-30, 30-36, 36-40, and 40-48 hpf). Nine groups
(A-1) had similar temporal expression trajectories, either expressed early or late. Three genes expressed early (J-L) showed unique temporal
patterns. The heat map is based on log2 fold-changes from the geometric mean for each gene, with coloring based on 10th and 90th percentile
fold-change values for the whole data set
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in Meinecke et al., 2018 (b-f) simulation results of the spatial gene

expression profiles incorporating measured temporal trajectories. The hey1 profile particularly drives dorsal domain establishment to earlier time
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22-35 hpf. (h, j) The y-axis depicts the normalized error of the bounda
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ry position in the computational simulations compared to the position

observed by quantifying hand2 and dIx5 transgene expression in Meinecke et al., 2018. The solid line represents the mean value over

100 stochastic simulations and the error bars one standard deviation. (

h) Comparison with the original model reveals that the parallel patterning

of the three spatial domains with different genes with distinct temporal expression profiles stabilizes the accuracy of positioning the V-I

boundary. (j) at the I-D boundary, initially higher error due to the early
time points

range of expression than their zebrafish counterparts, minor differ-
ences in expression trajectory could lead to differential categorization
for genes that have qualitatively similar expression. Interestingly,
unlike with their zebrafish orthologs, mouse DIx3 and DIx4 grouped
together in group Ill.

Due to the smaller number of time points in the mouse data, it was
difficult to compare temporally correlated gene groups between zebra-
fish and mouse directly. Instead, temporal trajectories of pairs of putative
homologous genes were compared to gain insight into relative develop-
mental trajectories between species. We selected mouse genes that
were expressed in NCC-derived arch mesenchyme cells, with at least
1.5-fold change in expression over time, that had zebrafish orthologs
expressed in the same compartment. This gave us 11 homologous gene
pairs (axin2/Axin2, dix4b/Dlx4, ednraa/Ednra, fzd6/Fzdé, hand2/Hand2,
heyl1/Hey1, jaglb/Jagl, mef2ca/Mef2, prrxla/Prrx1, satb2/Satb2, and

expression of the dorsal gene hey1 resolves to similar error levels at later

tfap2a/Tfap2a) (Figure 7). For each pair, we used an independent man-
ual or computational approach to calculate gene-pair correspondences,
which were averaged over 11 pairs to establish the global correspon-
dence (individual gene-pair alignments in Supporting Information File
4). Our manual approach calculated a global correspondence of
E9.25 =175 hpf/E10.0 =60.7 hpf
Figure S5). Our computational approach calculated a global correspon-
dence of E9.25 = 15.3 hpf/E10.0 = 58.1 hpf (Figure 7). Individual gene

pairs were also aligned (Supporting Information File 4). Each of these

(Supporting  Information

independent approaches resulted in generally comparable results, dif-
fering by less than 5% over the time period (40-50 hr). We can thus
predict with confidence that the overall interspecies range of arch pat-
terning occurs within the window: E9.25~15-18 hpf,
E10.0~58-61 hpf. As D-V patterning in the zebrafish arches must be

complete before initiation of chondrogenesis at 53-54 hpf, this

and
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FIGURE5 Temporal expression profiles of selected mouse arch patterning genes. Transcript counts per cell from NanoString measurements,
normalized to a set of housekeeping genes are shown for the most dynamic or critical genes at four time points between E9.25 and E10.0, three
biological replicates, error bars are standard deviation. Dotted lines smoothly connect data points, while solid lines are second-degree polynomial
fits. Genes are clustered according to their spatial expression in the arches, and colors indicate their regulation by arch patterning pathways
(based on the literature). Most but not all genes have the same scale of expression

suggests that D-V patterning in the mouse arch is largely established

at least 2 days before initiation of chondrogenesis at E12.5.

4 | DISCUSSION

Bmp and Ednl morphogen gradients are thought to induce distinct
gene expression patterns along the D-V axis of the mandibular arch.
Target genes of these and other signals that are expressed in similar
regions, such the ventral/intermediate dIx3b/4a/4b/5a/6a genes or
the dorsal hey1 and jaglb genes, are expected to have similar expres-
sion trajectories (i.e., up or downregulation over time) if based simply
on the momentary concentration of their controlling morphogens.
However, our data do not support this threshold “snapshot” model of
morphogen control (Rogers & Schier, 2011). Similarly, recent work
quantifying Nodal target gene induction in the early zebrafish (blas-

tula-stage) embryo has shown that, instead of being controlled by

threshold, ratchet or time-integrative modes of morphogen signaling,
the primary determinant of gene expression patterns is the maximal
transcription rate of each gene (Dubrulle et al., 2015). We propose
that a similar principle may apply to many D-V patterning genes in
the arch GRN.

As evidence for this idea, we find that even paralogs that share
cis-regulatory elements can have varying responses to the same
upstream signals. The dix genes are the most dramatic example.
dix3b/4a/4b/5a/6a are all controlled by the same morphogens and are
expressed in similar ventral/intermediate regions of the arch. They are
not expressed, however, in completely identical spatial regions, with
dix5a/6a expression extending further dorsally and ventrally than
dix3b/4a/4b (Talbot et al., 2010). Additionally, here and in other
recent work (Meinecke et al., 2018) we have shown that their tempo-
ral expression differs too, with dix3b high early and then decreasing,
dix4b/5a/6a peaking at ~36 hpf but each changing at very different
rates. dIx4a expression is also initiated late and then gradually
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increases. As the dIx3b/4b and dIx5a/6a pairs are located in bigenic
clusters (Ellies et al, 1997), with largely common cis-regulatory
regions, we suggest that these differences in spatiotemporal expres-
sion could reflect differences in transcription rates due to varying pro-
moters. Maximal transcription rate is determined more by highly
proximal promoters than by more distal enhancer regions (Krumm,
Hickey, & Groudine, 1995). Dissection of the roles of proximal and
distal cis-regulatory regions in temporal regulation of gene expression
will require alteration of small sequences while leaving the rest of the
cis-regulatory apparatus unchanged (e.g., via CRISPR/Cas9-mediated
homologous recombination).

Certain factors such as the Edn1 effector mef2ca are known to
regulate members of bigenic clusters such as dix3b/4b differently,
inhibiting dIx3b expression while promoting dix4b expression
(Miller et al., 2007). Further examination of Mef2ca binding sites
will reveal whether this disparity arises due to differences in tran-
scription factor activity near the transcriptional start sites or by
more distal sequences. However, as dIx3b expression declines at
the same time as mef2ca expression in our measurements, this reg-
ulatory interaction alone is insufficient to explain the observed
dix3b trajectory. In addition, incorporating these different expres-
sion kinetics into our computational model improves the robustness
of patterning, for example, V-1 domain boundary formation
improves in our extended model, which we hypothesize is due
mainly to the decoupling of dIx3b and dIx5a expression. Future
studies will examine how decoupling spatial and temporal expres-
sion improves responses to noise.

Common temporal features of gene expression also hint at
unexpected intersections between morphogens and pathways
within the arch D-V patterning GRN. For example, mef2ca expres-
sion in zebrafish declines rapidly similar to ednrab, perhaps reflect-
ing a late repression of both genes by Edn1 signaling, while earlier
mef2ca expression at 20 hpf does not require ednl (Miller et al.,
2007). Wnt signaling positively regulates Edn1 signaling in the
arches (Alexander et al., 2014), and the direct Wnt target mycn also
declines similar to ednrab and mef2ca, hinting at further points of
convergence between these pathways. We also note the gradually
declining expression of grem2b: a secreted dorsal Bmp signaling
inhibitor, which is upregulated by both Ednl and Jag/Notch, and
downregulated by Bmp signaling (Zuniga et al., 2011). These results
add a new level of temporal complexity to our computational
models for the zebrafish D-V arch GRN (Clouthier et al., 2010;
Meinecke et al., 2018) similar to models in other patterning systems
(Pomreinke et al., 2017; Sagner & Briscoe, 2017; Zinski et al., 2017)
particularly for processes involving multiple signals in concert
(Zagorski et al., 2017). Testing how combinatorial signals lead to
such temporal expression kinetics will require experimental manipu-
lation of morphogen gradients at specific times and locations such
as with heat-shock inducible transgenic constructs (Alexander et al.,
2011; Zuniga et al., 2011). Testing their spatial correlates will
require high-resolution measurements of expression in situ with
techniques such as hybridization chain reaction (Choi et al., 2018).

Although patterning gene expression is less dynamic in the mouse
arch over the period examined compared to the fish arch, we do note

some informative patterns. An increase in Hand1/2 expression at late
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time points might reflect their roles in the dentition (Abe, Tamamura,
et al., 2002; Barbosa et al., 2007; Barnes et al., 2010; Catdon & Tucker,
2009; Ruest et al., 2003). Although zebrafish only have a single hand2
gene and lack oral teeth, other teleosts such as medaka and pufferfish
possess oral teeth and have both handl and hand2 (Vincentz,
Barnes, & Firulli, 2011), consistent with this idea. We note that the
decrease in Edn1 expression coincides with a reduced requirement for
Edn1 signaling at E9.5 (Ruest & Clouthier, 2009), suggesting a general
reduction in Ednl signaling after this stage. In both zebrafish and
mouse, expression of the dorsal genes Jagl and Hey1 decrease at later
time points, hinting that Jag/Notch signaling may participate in estab-
lishment, but not maintenance, of the dorsal domain.

Other groups have undertaken similar transcriptomic approaches to
study craniofacial development in zebrafish and mouse (Askary et al.,
2017; Barske et al., 2016; Brunskill et al., 2014). In zebrafish, RNA-seq
approaches focused on the arches at 36 hpf in a variety of mutant condi-
tions with cells sorted from specific arch regions have revealed several
co-regulated gene clusters (Askary et al., 2017). These researchers per-
formed a meta-analysis based on both wild-type and mutant datasets

and clustered all ventral-intermediate dix genes together in cluster

3 (dIx3b, dIx4a, dix4b, dix5a, and dixéa), along with msxla, and placed
jag1b separately in cluster 1 (Askary et al., 2017). In contrast, our tempo-
ral clustering places dix4b, dix5a, dix6a, msxla, and jaglb together in
group B, with dIx3b in group C and dix4a in group A. These and other dif-
ferences likely reflect the absence of granular temporal data in such pre-
vious studies. Similarly, in mouse, a microarray/RNA-seq approach
examined microdissected regions of wild-type arches at multiple time
points yielding gene expression clusters (Brunskill et al., 2014). In that
case DIx1/2/5/6 clustered together, while DIx1/5 clustered in group |
and DIx2/6 in group V and there are numerous other differences from
our results (e.g., Barx1, Msx2, Hand2, Axin2, Prrx1, and Ednra), which we
would argue reflect, at least in part, the absence of precise temporal data.

Finally, our comparison of the dynamics of zebrafish and mouse
patterning gene expression points to a temporal correspondence of
E9.25 mice with ~15-18 hpf zebrafish, and of E10.0 mice with
~58-61 hpf zebrafish. These similarities in gene expression trajecto-
ries occur despite dramatic differences in size and shape between
mouse and fish arches. For example, the maxillary portion of the man-
dibular arch is much less prominent in zebrafish than in mammalian

embryos, but these data suggest that an equivalent domain with
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similar expression profile is patterned during this period. More detailed
measurements of cell numbers and division rates in the mouse arch,
along with computational modeling of patterning in this system, will
provide further insight into the coordination of temporal dynamics of

gene expression and growth during craniofacial patterning.
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